Smokers that begin during adolescence are more likely to develop nicotine dependence than those who begin as adults. However, the factors that contribute to this remain largely unknown. Here we utilized a novel operant oral nicotine self-administration procedure in mice to assess the consequences of adolescent nicotine exposure on nicotine and saccharin (non-drug) reinforcement in adults. Animals were given non-contingent exposure to either saline or nicotine using the osmotic minipumps during both adolescence and adulthood for 2 weeks. Reinforcing efficacy for oral nicotine and saccharin was assessed using the progressive ratio schedule 2-weeks following the washout period in adults. Non-contingent nicotine exposure in adolescence drastically increased operant responding for oral nicotine but reduced responding for oral saccharin in the group re-exposed to nicotine in adulthood. Interestingly, adolescent nicotine-exposed mice that received saline exposure as adults exhibited higher preference for oral saccharin. However, breakpoints for oral nicotine in these mice remained comparable to control animals. Surprisingly, both adolescent and adult nicotine exposure increased inactive lever responding during self-administration presumably reflecting impulsive responding. Our data suggest that adolescent nicotine exposure produces an increase in reinforcement sensitivity in adulthood as reflected by increased saccharin self-administration but this sensitivity becomes biased towards nicotine self-administration when re-exposed to nicotine in adulthood. Moreover, nicotine/saccharin reinforcement could be impacted by changes in cognitive control, such as increased impulsivity. These distinct behavioral mechanisms may act in concert to facilitate maladaptive nicotine taking in smokers that initiate nicotine use during adolescence.
Introduction
Adolescence is a developmental period that is marked by increased sensation seeking and immature ability to self-regulate behavior [1] [2] [3] . Due to the lack of development of areas crucial to behavioral regulation, adolescence also is a susceptible period for tobacco smoking initiation. There is considerable evidence indicating that smoking adolescents are more likely to develop nicotine addiction than those who begin smoking as adults [4] ; however, the underlying behavioral mechanism for this phenomenon remains unknown.
Age-related differences in the reinforcing effects of nicotine and physiological symptoms of nicotine withdrawal have been reported. Numerous rodent studies indicated that adolescents experience enhanced conditioned rewarding effects of nicotine and self-administer more nicotine than adults [5] [6] [7] [8] [9] [10] . Moreover, studies involving animal models of nicotine withdrawal reported that adolescent rats have more benign somatic and affective measures of withdrawal relative to adult nicotine-exposed rats [11, 12] . Together these investigations supported the notion that an imbalance between an oversensitive reward system and reduced ability to experience negative aversive effects of withdrawal contributes to the smoking behavior in adolescents. Contrary to this view, the withdrawal-based theories of addiction emphasized that motivation to reinstate tobacco use during acute abstinence is mediated by withdrawal symptoms [13] . Moreover, escalation of smoking behavior observed in nicotine addicts is suggested to be facilitated by withdrawal symptoms during the intermittent tobacco use [14] . Thus, it remains unclear what psychological mechanisms accounts for greater propensity for nicotine intake during adulthood and beyond in smokers that had been exposed to nicotine during adolescence, a period associated with less aversive withdrawal symptoms. Moreover, maladaptive patterns of smoking behavior persist in nicotine addicts even after the acute abstinence symptoms are dissipated. Likewise, if the magnitude of https://doi.org/10.1016/j.bbr.2018.07.019 Received 15 May 2018; Received in revised form 17 July 2018; Accepted 23 July 2018 drug reinforcement is lower in adults than adolescents, it is unknown what mechanisms drive life-long maladaptive nicotine use in addicts that begin smoking in early life.
Previous studies employing the self-administration, conditioned place preference and operant visual reinforcement paradigms reported escalated nicotine intake, heightened reward responsiveness and augmented reinforcement enhancing effects of nicotine in adult rodents that were exposed to nicotine during adolescence [15] [16] [17] . Adolescent nicotine exposure has also been shown to enhance the reinforcing effects of other drugs of abuse such as cocaine in adult rodents [18, 19] . On the other hand, adult but not adolescent nicotine exposure increased alcohol self-administration in adulthood [20, 21] . Moreover, adolescent nicotine did not alter instrumental responding for sucrose reward [22] . Thus it is possible that both adolescent and adult nicotine exposure may exert dissociated effects on reward-related enhancement of motivational processes, and that interaction between age-specific effects on these processes determines subsequent nicotine abuse. However, there are no studies that systematically determined how age-specific exposure to chronic nicotine would impact motivated behaviors in adulthood.
Although traditional self-administration animal models of intravenous delivery of psychostimulant drugs provided a wealth of information on maladaptive addiction-related behaviors, low reinforcing properties nicotine compared to these drugs [23] make intravenous self-administration very challenging specifically in the mouse models. Additionally, intravenous nicotine delivery does not completely translate to nicotine self-administration in humans who ingests nicotine either through the inhalational (smoking) or oral (chewing gum) route. Here we developed a novel operant oral nicotine self-administration procedure in mice to assess the consequences of adolescent nicotine exposure on nicotine-and saccharin-taking behavior in adults. Animals were given non-contingent saline/nicotine exposure during both adolescence and adulthood prior to operant behavioral testing as repeated nicotine exposure may alter addiction-like behaviors [24] . The behavioral testing was conducted in adult animals after prolonged washout period to eliminate any potential influence of acute nicotine withdrawal syndrome on motivated behavior. Our results indicate for the first time that adolescent nicotine exposure produces a generalized increase in reward sensitivity in adulthood as reflected by increased saccharin reinforcement but this sensitivity becomes biased towards nicotine following adult re-exposure. Moreover, chronic nicotine-induced alterations in cognitive processes and positive affect in an age-specific manner could contribute to these behavioral effects.
Materials and methods

Animals
Male and female C57BL/6 J mice were procured from the Jackson Laboratory (Bar Harbor, ME) and were preadolescent (PND23) at the time of arrival. Animals were housed in a humidity/temperature controlled colony room with a 12 h light/dark cycle (lights on at 07:00) and had access to food and water ad libitum. The experiments were started at PND33-35 with the implantation of osmotic minipumps for chronic nicotine delivery (see details below). This age corresponds to the mid-adolescence phase in mice and is characterized by pubertal maturation [25] . Mice remained single-housed throughout the duration of study. They had free access to food and water during the nicotine exposure phase but were water restricted (5 min/day) for the operant behavioral training and testing. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Temple University and were in accordance with the National Institute of Health guidelines. A total of 39 mice were used for the study. Three animals were excluded due to deteriorating health following either the adolescent or adult osmotic minipump surgeries.
Chronic nicotine administration and experimental design
As noted above, chronic nicotine administration in adolescent mice was started at PND33-35. Osmotic minipumps were implanted for noncontingent nicotine/saline exposure in isoflurane-anesthetized mice as described in our previous studies [52, 55] . Briefly, sterile pumps (model 1002, DURECT Corporation., Cupertino, CA) were filled either with nicotine hydrogen tartrate (Sigma Co., St Louis, MO) dissolved in sterile saline to deliver 3 mg/kg/d of nicotine (as free base) solution at a rate of 0.25 μL/h for 2 weeks. The adolescent nicotine dose (3.0 mg/kg/d) selected for this study was used to model mild nicotine exposure. Moreover, chronic nicotine administration at this dose has previously been shown to produce withdrawal-associated learning deficits in older adolescent mice [26] . Control animals were implanted with minipumps filled with sterile saline. All pumps were inserted subcutaneously into the back by incision just below the neck region. After insertion, the wounds were closed with sutures. The pumps were removed after 2 weeks of chronic nicotine/saline administration. The adolescent nicotine and adolescent saline mice remained nicotine-free for a period of 2 weeks following which they were randomly assigned into adult nicotine and saline groups respectively. Adolescent saline animals were re-implanted with sterile osmotic minipumps for non-contingent delivery of either saline (sal/sal: N = 8; 5 males and 3 females) or nicotine (sal/nic: N = 10; 5 males and 5 females) for 2 weeks during adulthood (PND 61-63). Likewise, adolescent nicotine animals received adult nicotine exposure of either saline (nic/sal: N = 8; 4 males and 4 females) or nicotine (nic/nic: N = 10; 5 males and 5 females). Chronic nicotine exposure was given at a higher dose (6.3 mg/kg/d) to both sal/nic and nic/nic mice during adulthood. The adult nicotine dose was selected based on the previous studies that reported the desensitization of nicotinic acetylcholine receptors (nAChRs), reward sensitization and effects on cognition in adult mice [26] [27] [28] . Chronic nicotine administration in the dose range used in our study has previously been shown to produce plasma nicotine levels similar to human smokers [26, 29, 30] . Moreover, the low-high nicotine exposure sequence was adopted to model the escalation of nicotine use commonly seen in adolescents that initially smoke for recreational use and transition to regular smokers in adulthood [31] . The pumps were removed 2 weeks after the second nicotine/saline exposure and the animals underwent another washout period of 2 weeks, following which the operant behavioral experiments Fig. 1 . Schematic of experimental design. Adolescent mice (PND [33] [34] [35] were implanted with mini-osmotic pumps to deliver 3.0 mg/kg/d nicotine (nic) or saline (sal) for 2 weeks. After pump removal, a 2-week washout period was given. Adult (PND 61-63) mice that previously received sal were re-exposed either to chronic sal or nic (6.3 mg/kg/d) for another 2 weeks. Likewise, adolescent nic-exposed mice received either sal or nic (6.3 mg/kg/d) during adulthood. PR testing to examine saccharin and nicotine reinforcement (see Methods) was conducted following the second 2-week washout period. The autoshaping and pretraining for PR testing was initiated in animals moving into the second week of re-exposure.
were conducted (see Experimental design in Fig. 1 ). The 2-week washout period was based on a previous study that used a multiple nicotine exposure paradigm using osmotic minipumps with intermittent nicotine-free periods in mice to model cycles of smoking and relapse [24] . The delivery of saline/nicotine solutions through the minipumps was verified by measuring the residual volume following surgical removal at the end of the exposure period for each time point.
Mice (N = 5 per condition) were chosen at random to observe for somatic signs of withdrawal 24 h and 14 d after the adolescent nicotine or saline exposure as described previously [32, 33] . As noted earlier, the 2-week w period was chosen to eliminate any potential influence of acute abstinence syndrome on adult behavior as previous work showed that withdrawal deficits in learning in mice lasted 4 days [56] . The observations for somatic signs were made in animals for 20-min in the home cage by monitoring the following withdrawal symptoms: head shakes, paw tremors, retropulsion, writhing, scratching, backing, piloerection, and Straub tail. Somatic signs were calculated as total scores based on the number of signs displayed by mice during the 20-min observation period by an experimenter blind to the treatment conditions.
Operant oral self-administration of saccharin and nicotine
Behavioral training and testing for progressive ratio (PR) of reinforcement for oral saccharin (sweetened water with saccharin; natural reinforcer) and oral nicotine (sweetened with saccharin) was conducted in mouse operant conditioning chambers (MED Associates; St. Albans, VT, USA). The chambers were equipped with a standard grid floor and house light (28 V, 100 mA), and a panel consisting of two large cue lights (2.5 cm; 28 V, 100 mV), a central reward port attached to a fluid dipper, and two ultra-sensitive retractable levers were used. Control of all events, including light presentation, lever operations, and reward delivery, utilized a SmrtCtrl interface running MED-PC IV software on Dell PC (Optiplex 960). Mice were progressively waterrestricted to 5 min of water/day. Operant training was conducted 7 days/week between 9:00 and 16:00 h. Food pellets (PMI LabDiet) were available ad libitum during the behavioral experiments.
The oral self-administration procedure for sweetened nicotine solution was adapted from an operant procedure previously established in rats [34] . Briefly, partially water-deprived animals were autoshaped on a fixed ratio-1 (FR-1) schedule of reinforcement to acquire lever pressing and subsequent reward delivery (10 μl of 0.066% saccharin solution). Autoshaping was followed by a pretraining phase where the animals were trained to discriminate an active (rewarded) from an inactive (non-rewarded) lever. Training sessions consisting of 30 trials were divided into 3 blocks of 10 trials with each block following a FR-1, FR-3 and FR-5 schedule of reinforcement in succession. After each successful response, the light associated with the active lever was illuminated to signal the completion of the ratio and the dipper was activated for reward delivery. Responses to the inactive lever were not rewarded. The animals were considered to attain criterion when 30 rewards were obtained within 45 min for 3 consecutive days. The PR testing was conducted as described earlier in mice [35] . The first trial was rewarded with a single active lever press response and subsequent trials followed an accumulating FR-2 schedule of reinforcement (e.g., 1, 3, 5, 7…, X + 2). The session continued until a mouse failed to obtain a reward within 5 min after earning its last reward. The breakpoint was considered to be the last successfully completed ratio. To assess the PR of natural reinforcement, a 2% saccharin solution was presented as a reward. For oral nicotine reinforcement, a 2% saccharin solution containing 100 μM nicotine was used. PR testing was conducted for 3 consecutive days for each reinforcement condition and a counterbalanced design was followed to ensure that there are no sequence effects. Authoshaping and pretraining was initiated during the second week of adult subcutaneous chronic nicotine administration and the PR testing was conducted after a 2-week washout period (see experimental design in).
Statistical analysis
Statistical analyses were performed using SPSS/PC + version 24.0 (IBM-SPSS, Armonk, NY, USA). A general linear model repeated measure analysis of variance (ANOVA) was used to analyze three day averages for active lever presses, inactive lever presses, number of earned reinforcers, and break-point ratios for saccharin and nicotine PR testing sessions. Adolescent nicotine (saline vs nicotine; 2 levels), adult nicotine (saline vs nicotine; 2 levels) and sex (male vs female; 2 levels) were used as between subject factors while reinforcement (oral saccharin vs oral nicotine; 2 levels) was used as a within subject factor. Tukey's HSD post hoc tests were applied for group comparisons when significant interactions were observed. A two-way ANOVA was used to compare somatic signs of withdrawal following adolescent nicotine exposure at 24 h. and 14 day time points. For all statistical tests, p values < 0.05 were considered statistically significant.
Results
Physical symptoms following adolescent nicotine exposure
Somatic signs of withdrawal were examined 24 h. and 14 days following nicotine and saline exposure during adolescence. Total scores for physical symptoms differed significantly between the two time points (main effect: F(1,8) = 50.0, p < 0.001) and this effect interacted with adolescent nicotine exposure (F(1,8) = 42.78, p < 0.001). Post hoc analysis indicated that somatic symptom scores were significantly higher at 24 h. time point in mice exposed to nicotine during adolescence as compared to the saline controls (F(1,8) = 67.1, p < 0.001). However, total scores remained comparable between the two groups 14 days later (F(1,8) = 1.67, p > 0.22) indicating that the acute withdrawal symptoms returned to baseline levels before the adult manipulations were given and before the behavioral assessments were conducted.
Counterbalancing of saccharin and nicotine PR sessions
Adolescent saline-exposed (sal/sal and sal/nic) and adolescent nicotine-exposed (nic/sal and nic/nic) mice were tested for their level of motivation to attain either a saccharin or nicotine reinforcement in a counterbalanced fashion. We neither observed a main effect of sequence of reinforcement (all F(1,28) < 0.85, all p > 0.37) nor any interaction with the behavioral variables (active lever presses, inactive lever presses, number of reinforcers and breakpoint; all F(1,28) < 1.24, all p > 0.28). Moreover, the number of training sessions to attain criterion for PR testing (see Methods) did not differ between adolescent saline-and adolescent nicotine-exposed mice (F(1,28) = 0.41, p > 0.73) indicating that instrumental learning prior to PR testing remained similar across the groups. Thus, we can conclude that our reinforcement sequence counterbalancing for oral saccharin/nicotine PR testing was successful.
Effect of adolescent and adult nicotine exposure on active and inactive lever responses
We examined the number of active lever presses made during the PR testing sessions and uncovered that mice exposed to nicotine during adolescence (nic/sal + nic/nic) responded more on active levers as compared to mice exposed to saline (sal/sal + sal/nic) during adolescence (main effect of adolescent nicotine: F(1,28) = 4.99, p < 0.05; (adolescent nicotine × adult nicotine × reinforcement interaction: F (1,28) = 8.62, p < 0.01). Post hoc analysis of these interactions revealed that active lever responding for nicotine reinforcement remained significantly higher in nic/nic mice as compared to the sal/sal and sal/ nic groups, respectively (Tukey's HSD: p < 0.05 for both comparisons; Fig. 2 ). Interestingly, active lever responses for nicotine-taking did not significantly differ between the nic/nic and sal/nic groups (p > 0.05).
Comparisons of active lever responses by reinforcement for each treatment group indicated that nic/nic mice made more active lever responses when presented with oral nicotine as compared to oral saccharin (p < 0.01). A similar trend for higher preference for active lever responding for nicotine vs saccharin was noted in the sal/nic group (Fig. 2) ; although this effect did not reach significance (p > 0.05). Surprisingly, nic/sal animals made significantly more active lever responses for the oral saccharin as compared to oral nicotine (p < 0.01). Moreover, active lever responding for saccharin remained significantly higher in these animals as compared to sal/sal, sal/nic and nic/nic mice (all p < 0.05; Fig. 2 ). Although the active lever responding remained indifferent between male and female mice (main effect of sex: F(1,28) = 0.002, p > 0.95), a significant sex x adolescent nicotine x reinforcement interaction was noted (F(1,28) = 8.97, p < 0.01). The data for these interactions are summarized in Table 1 . Female mice exposed to nicotine during adolescence (nic/sal + nic/nic) exhibited significantly higher responding for oral nicotine (p < 0.01) but not saccharin (p > 0.05) as compared to the adolescent saline-exposed females (sal/sal + sal/nic) responding for nicotine reinforcement. Conversely, male adolescent nicotine-exposed mice (nic/sal + nic/nic) pressed the active lever significantly more for the saccharin as compared to adolescent saline-exposed male mice (sal/sal + sal/nic) responding for oral saccharin (p < 0.01). However, responding for oral nicotine remained generally higher in adolescent saline males as compared to responding for saccharin, and this measure remained comparable to adolescent females exposed to non-contingent nicotine (p > 0.05). This may indicate that under normal conditions, nicotine might be more reinforcing in males as compared to females [36, 37] . Active lever presses for nicotine PR sessions remained significantly lower in both male and female adolescent saline-exposed (sal/sal + sal/nic) mice as compared to saccharin PR sessions for male adolescent nicotine-exposed (nic/sal + nic/nic) mice (p < 0.05 for both male adolescent-saline vs male adolescentnicotine and female adolescent-saline vs male adolescent-nicotine, respectively; Table 1 ). Additionally, active lever responding for nicotine in adolescent nicotine-exposed female mice (nic/sal + nic/nic) remained substantially higher than adolescent saline-exposed males (sal/ sal + sal/nic) responding for saccharin (p < 0.01). Active lever responding in males and females was not affected by adult nicotine exposure (sex × adult nicotine interaction: F(1,28) = 0.20, p > 0.65; sex × adult nicotine × reinforcement interaction: F(1,28) = 2.75, p > 0. 10) In general, the total number of inactive lever responses (combined for both saccharin and nicotine PR sessions) remained significantly lower than the active lever responses (F(1,35) = 63.61, p < 0.001; Fig. 3A) . Moreover, responding on the inactive lever was neither affected by reinforcement (main effect: F(1,20) = 0.09, p > 0.76) nor adult nicotine exposure (main effect: F(1,20) = 0.15, p > 0.69). However, adolescent nicotine exposed mice responded significantly more on the inactive levers in adulthood as compared to adolescent saline-exposed mice (main effect of adolescent nicotine: nic/sal + nic/ nic: 56.86 ± 6.27; sal/sal + sal/nic: 34.87 ± 6.16; F(1,20) = 6.28, p < 0.03; Fig. 3B ). Furthermore, we observed a significant 3-way adolescent nicotine × adult nicotine × reward interaction (F (1,20) = 4.29, p < 0.05) on inactive lever responses. Exploration of the interaction effects revealed that inactive lever responding during nicotine PR sessions remained substantially higher in both nic/sal and nic/nic mice as compared to the sal/sal group (p < 0.01 for both comparisons). Surprisingly, nic/sal mice also made more inactive lever presses in the saccharin PR sessions as compared to the other three groups (p < 0.01 vs sal/sal and nic/nic; p < 0.05 vs sal/nic; Fig. 3B ). Post hoc comparisons between the sal/sal and sal/nic group show that adult nicotine exposure increased inactive lever responses in both oral saccharin and oral nicotine PR sessions (both p < 0.01; Fig. 3B ). However, inactive lever responses for both reinforcements remained comparable between sal/nic and nic/nic groups (both p > 0.05). Inactive lever responding was neither affected by sex (F(1,28) = 0.27, p > 0.60) nor this effect interacted with adolescent nicotine treatment, adult nicotine treatment and reinforcement (sex × adolescent nicotine × adult nicotine × reinforcement interaction: F(1,28) = 1.87, p > 0.18).
Nicotine and saccharin reinforcers
The total number of reinforcers earned did not differ between oral nicotine and oral saccharin PR sessions (F(1,20) = 2.95, p > 0.09); however, this effect interacted with the adult nicotine exposure (F  (1,20) = 40.48, p < 0.001). Additionally, we observed a significant 3-way interaction between adolescent nicotine × adult nicotine × Fig. 2 . Active lever responding for saccharin and nicotine reinforcement in the PR testing procedure. Bars depict mean ± SEMs for 3-day averages of active lever presses for each saline/nicotine exposure condition. #, p < 0.05 main effect of adolescent nicotine. Post hoc tests for adolescent nicotine × adult nicotine × reinforcement interactions: **, p < 0.01 sacch reinforcement vs nic reinforcement (within subjects) comparisons for nic/sal and nic/nic; ‡, p < 0.05 nic/sal vs sal/sal, sal/nic and nic/nic (sacch reinforcement; between subjects); +, p < 0.05 sal/sal vs nic/nic (nic reinforcement; between subjects). sal/sal: adolescent saline-exposed mice re-exposed to saline in adulthood; sal/ nic: adolescent saline-exposed mice re-exposed to nicotine in adulthood; nic/ sal: adolescent nicotine-exposed mice re-exposed to saline in adulthood; nic/ nic: adolescent nicotine-exposed mice re-exposed to nicotine in adulthood; sacch: saccharin; nic: nicotine. reinforcement for total reinforcers (F(1,20) = 13.09, p = 0.001). Data for these interactions are shown in Fig. 4 . Multiple comparisons show that nic/nic mice earned significantly more nicotine reinforcers as compared to sal/sal mice (Tukey's HSD: p < 0.01). However an opposite effect was observed for saccharin reinforcers; nic/nic mice earned significantly reduced number of saccharin reinforcers as compared to the sal/sal animals (p < 0.05). There was a trend for higher nicotine reinforcers vs saccharin reinforcers in the sal/nic group (p < 0.07). In line with active lever responding, nic/sal animals exhibited a higher earning of saccharin reinforcers (p < 0.05 vs sal/sal, sal/nic and nic/nic mice). However, the total number of nicotine reinforcers remained comparable between nic/sal and other groups (all p > 0.05). Investigation of total reinforcers in male and female animals indicated a significant sex × adolescent nicotine × reinforcement interaction (F(1,28) = 5.43, p < 0.04). Post hoc comparisons for these interactions are presented in Table 2 . Adolescent nicotine-exposed female mice (nic/sal + nic/nic) earned significantly higher nicotine reinforcers as compared to nicotine reinforcers in both male and female adolescent saline-exposed mice (sal/sal + sal/nic; both sexes p < 0.05). Moreover, total nicotine reinforcers earned in female mice that were exposed to nicotine during adolescence remained substantially higher than saccharin reinforcers in males exposed to saline during adolescence (p < 0.05). In comparison to saccharin reinforcers in adolescent saline-exposed males, both male and female mice exposed to nicotine during adolescence earned significantly higher saccharin reinforcers (both p < 0.05). Adult nicotine exposure did not affect total saccharin and nicotine reinforcers in males and females (sex × adult nicotine × reinforcement interaction: F(1,28) = 1.20, p > 0.28).
Breakpoints for oral nicotine and oral saccharin
The breakpoints for PR sessions differ significantly by reinforcement (saccharin vs nicotine: F(1,28) = 4.72, p < 0.05) and by adult nicotine exposure (F(1,28) = 4.98, p < 0.04), and there was a significant interaction between the two factors (F(1,28) = 30.01, p < 0.001). Moreover, the effects of adolescent nicotine exposure, adult nicotine exposure and reinforcement significantly interacted with each other (F (1,28) = 9.83, p < 0.01). Multiple post hoc comparisons indicated that while breakpoints for oral nicotine significantly increased as compared to saccharin in sal/nic mice (p < 0.05), the magnitude of increase in reward strength for oral nicotine was even higher in the nic/nic group (p < 0.01; Fig. 5 ). On the other hand, mice exposed to nicotine during adolescence and saline during adulthood (nic/sal) displayed a significant increase in breakpoints for oral saccharin (p < 0.01 vs oral nicotine; Fig. 5 ). Additionally, saccharin breakpoints remained Fig. 3 . Inactive lever responding in the saccharin and nicotine PR testing sessions. A) The total number of inactive lever presses remained substantially lower as compared to active lever presses. B) Bars depict 3-day averages of inactive lever presses for each saline/ nicotine exposure condition. All data are mean ± SEMs. %, p < 0.001 vs active levers. #, p < 0.05 main effect of adolescent nicotine. Post hoc tests for adolescent nicotine × adult nicotine × reinforcement interactions: +, p < 0.05 sal/sal vs sal/nic (both reinforcements; between subjects); *, **, p < 0.05, 0.01 nic/sal vs sal/sal, sal/ nic and nic/nic (sacch reinforcement; between subjects); ‡, p < 0.05 sal/sal vs nic/nic (nic reinforcement; between subjects). sal/sal: adolescent saline-exposed mice re-exposed to saline in adulthood; sal/nic: adolescent saline-exposed mice re-exposed to nicotine in adulthood; nic/sal: adolescent nicotine-exposed mice re-exposed to saline in adulthood; nic/nic: adolescent nicotine-exposed mice reexposed to nicotine in adulthood; sacch: saccharin; nic: nicotine. Fig. 4 . Effects of adolescent and adult nicotine exposure on saccharin and nicotine reinforcers. Bars depict mean ± SEMs for 3-day PR testing averages of total reinforcers earned for each saline/nicotine exposure condition. Post hoc tests for adolescent nicotine × adult nicotine × reinforcement interactions: ‡ ‡, p < 0.01 sacch reinforcement vs nic reinforcement (within subjects) comparison for nic/nic; *, p < 0.05 nic/sal vs sal/sal, sal/nic and nic/nic (sacch reinforcement; between subjects); +, p < 0.05 sal/sal vs nic/nic (sacch reinforcement; between subjects); ‡, p < 0.05 sal/sal vs nic/nic (nic reinforcement; between subjects). sal/sal: adolescent saline-exposed mice reexposed to saline in adulthood; sal/nic: adolescent saline-exposed mice re-exposed to nicotine in adulthood; nic/sal: adolescent nicotine-exposed mice reexposed to saline in adulthood; nic/nic: adolescent nicotine-exposed mice reexposed to nicotine in adulthood; sacch: saccharin; nic: nicotine.
Table 2
Effect of adolescent nicotine treatment on total reinforcers in male and female mice. Data are Mean ± SEMs for sex × adolescent nicotine × reward interactions. *, p < 0.05 vs female adolescent sal (nic reinforcement); ‡, p < 0.05 vs male adolescent sal (sacch reinforcement); #, p < 0.05 vs male adolescent sal (nic reinforcement). sal: saline, nic: nicotine; sacch: saccharin. significantly higher in these animals as compared to mice that received nicotine exposure as adults (p < 0.001 vs sal/nic and nic/nic, respectively). The breakpoints attained for saccharin and nicotine remained comparable in the sal/sal group (p > 0.05). However, a significant decrease in saccharin breakpoints was observed in both sal/nic and nic/ nic groups (both p < 0.01 vs sal/sal; Fig. 5 ). Male and female mice displayed similar breakpoints (main effect of sex: F(1,28) = 1.12, p > 0.28). Moreover, sex × adolescent nicotine × reinforcement and sex × adult nicotine × reinforcement interactions did not reach significance (p > 0.09 for both interactions).
Discussion
In the present study, we utilized a novel oral self-administration paradigm in mice to better understand how previous exposure to nicotine during adolescence affects nicotine and saccharin (non-drug) reinforcement during adulthood. As mentioned earlier, modelling i.v. nicotine self-administration has proven to be a challenge in mouse models due to nicotine's low reinforcing properties [23] . Our paradigm allowed for reliable nicotine self-regulation which, although not analogous to inhalational nicotine consumption (smoking in humans), mimics motivated behaviors associated with oral nicotine consumption in humans. Moreover, our task allows direct comparison of nicotine and saccharin to examine drug vs non-drug reinforcement within subjects that is lacking in traditional self-administration tasks.
Our results show that non-contingent nicotine exposure given to adolescent mice drastically increased operant responding for rewards during adulthood. This, however, was mediated by whether mice received a second exposure to nicotine in adulthood. For mice exposed to nicotine in both adolescence and adulthood, non-contingent nicotine exposure preferentially increased nicotine reinforcement but not saccharin (non-drug) reinforcement. Although the nicotine solution was sweetened with saccharin to mask its bitter taste and make it palatable for animals, the concentration of saccharin for the two reinforcers (sweetened water and nicotine solution) was kept similar (2%) for the PR testing. Thus, higher active lever responding in nicotine PR sessions observed in nic/nic mice clearly indicates a stronger motivation to consume nicotine than saccharin in these animals as compared to their counterparts that received saline exposure during adolescence and adulthood. Consistent with the previous studies [15] [16] [17] , our data indicate that adolescent nicotine exposure preferentially enhances the reinforcing properties of nicotine in adulthood. Interestingly, adolescent nicotine-exposed mice that received saline exposure as adults exhibited higher preference for oral saccharin than oral nicotine. These results align with a recent study that reported higher saccharin reinforcement during adulthood in adolescent mice that were pretreated with nicotine but not in adult nicotine pretreated mice [20] . It should be noted that the motivation to attain nicotine rewards in nic/sal mice remained comparable in sal/sal animals while it increased in nic/nic mice. Taken together, our findings suggest for the first time that adolescent and adult nicotine exposure differentially impacts the sensitivity to natural reinforcement and nicotine reinforcement in that adolescent nicotine exposure may potentiate the reinforcement sensitivity in general, but a second nicotine exposure may specifically shift the preference towards nicotine self-administration.
Non-contingent nicotine exposure in adulthood per se was also associated with higher breakpoints for oral nicotine as compared to oral saccharin. This may suggest that nicotine by itself possess a high reinforcing efficacy as suggested earlier [38] . However, the motivation to self-administer saccharin and nicotine remained similar in the sal/sal group. Repeated non-contingent exposure of nicotine was previously shown to potentiate the hedonic value of nicotine reward in adult mice [24] . Thus, a prior nicotine exposure may be critical for sensitization of the nicotine reward system. This contention is further supported by the observation that adolescent nicotine exposure potentiated the effect of adult nicotine exposure on breakpoints in nicotine PR sessions. Therefore, it is conceivable that adolescent nicotine exposure might serve as an intervening variable that influences the impact of adult nicotine on instrumental motivational processes subserving persistent nicotine intake.
Reinforcing effects of nicotine occur by stimulation of nAChRs, and the density and functionality of these receptors in different brain regions, including those that are engaged in regulating reward and motivation, was higher in adolescent mice as compared to the adult mice [5] . Thus, age-specific nicotine-induced alterations in reward sensitivity may involve changes in nAChRs and downstream signaling mechanisms. It is possible that observed differences in motivated behaviors might have occurred due to different doses (3 mg/kg/d vs 6.3 mg/ kg/d) of nicotine that were used to expose mice during the adolescence and adult period rather than the age of the animals. However, this seems less likely to be the case because plasma nicotine levels in adolescent mice were about 2 times higher than adult mice at a comparable dose of nicotine [39] . Thus pharmacokinetic differences might have compensated for any variation in motivated behavior that might have occurred due to differences in the dose.
A plethora of evidence from human and rodent studies indicates that cessation of chronic nicotine produces a state of anhedonia (reduced experience of pleasure) that is mostly associated with reduction in reward value for non-drug reinforcers [40] [41] [42] [43] . Moreover, an imbalance in the relative reward value of nicotine versus monetary incentives (non-drug reinforcers) was observed in smokers with anhedonia [44] . In the current study, compared to the sal/sal mice, both sal/ nic and nic/nic mice exhibited lower motivation to obtain saccharin reward while nicotine reinforcement was substantially enhanced in these animals. As noted previously, all behavioral testing was conducted following 2 weeks of nicotine-free period during adulthood when the acute nicotine abstinence phase was subsided. Anhedonia occurs as a consequence of dysregulation of the reward circuits and these affective symptoms have been observed during the protracted withdrawal associated with long-term substance use [45] . Although firm conclusions could not be drawn from the current data, it is plausible that reduction in positive affect associated with prolonged nicotine deprivation in adulthood but not adolescence might have contributed to Fig. 5 . Effects of adolescent and adult nicotine exposure on breakpoints. Bars depict mean ± SEMs for 3-day PR testing averages of breakpoints for each saline/nicotine exposure condition. Post hoc tests for adolescent nicotine × adult nicotine × reinforcement interactions: *, **, p < 0.05, 0.01 sacch reinforcement vs nic reinforcement (within subjects) comparisons for sal/nic, nic/ sal and nic/nic; ‡ ‡, p < 0.01 sal/sal vs nic/nic (sacch reinforcement; between subjects); ‡ ‡ ‡, p < 0.001 nic/sal vs sal/nic and nic/nic (sacch reinforcement; between subjects). sal/sal: adolescent saline-exposed mice re-exposed to saline in adulthood; sal/nic: adolescent saline-exposed mice re-exposed to nicotine in adulthood; nic/sal: adolescent nicotine-exposed mice re-exposed to saline in adulthood; nic/nic: adolescent nicotine-exposed mice re-exposed to nicotine in adulthood; sacch: saccharin; nic: nicotine. the relative bias in the motivation to attain nicotine reinforcers over saccharin reinforcers.
Although, the interactions between sex, adolescent nicotine exposure and reward for breakpoints did not reach significance in our study presumably due to high behavioral variation and lower sample size, significant interactions effects between these variables on active lever responding and total reinforcers earned were noted. Specifically, female mice that receive non-contingent nicotine exposure during adolescence exhibited higher active lever responding for oral nicotine but not saccharin and consumed more nicotine as adults. This observation supports the results of a previous study that reported higher nicotine intake in adult female rats that initiated nicotine self-administration during adolescence as compared to those female rats that initiated self-administration in adulthood [16] . In another study, sex differences on the effects of adolescent nicotine exposure on conditioned nicotine reward were noted; the magnitude of nicotine reward in adolescent female rats was higher than adult female rats while this agespecific effect was not observed in male rats [46] . This further supports our observation that adolescent nicotine impacted the reward system differentially between male and female mice. Furthermore, our data also align well with human studies on smoking behavior that illustrate that females are less like to quit smoking and experience higher rates of relapse [47] . As discussed earlier, we observed a higher reinforcement for saccharin in the nic/sal group and this effect was more prominent in male mice. Moreover, nicotine reinforcement remained unaffected between saline-and nicotine-exposed adolescent male mice. Previous research in human subjects indicated that nicotine exerts reinforcement-enhancing effects on non-drug rewards [48] . Likewise, adolescent nicotine exposure in male rats facilitated saccharin self-administration but not drug (alcohol) self-administration during adulthood in these animals [20] . The effects of adolescent nicotine exposure on the sensitization of the reward system are more generalized in males while they are more specific for drug reward in the females. However, this hypothesis warrants further investigation. Likewise, it remains to be seen whether sex differences in the effects of adolescent nicotine in adult motivated behaviors are driven either by pharmacokinetics of nicotine or pharmacodynamic changes that involve differences in nAChR densities.
Interactions between the effects of adolescent and adult nicotine exposure on inactive lever responses during the PR sessions were surprising observations because these levers had no programmed consequence. Adult nicotine-exposure dramatically increased inactive lever presses during both the saccharin and nicotine self-administration sessions. Likewise, animals exposed to nicotine during adolescence regardless of adult nicotine exposure displayed a more pronounced increase in responding to the inactive levers; albeit reward-specific differences were also prominent. Specifically, the effects on inactive lever responding in saccharin self-administration sessions were moderated by adolescent nicotine exposure. Higher responding on inactive levers in self-administration paradigms could be indicative of nonspecific behavioral activation and not the generalization effect that is typically seen during the earlier stages of instrumental conditioning [49] . Behavioral activation system is known to drive inhibitory control and impulsivity [50] . Thus increased inactive lever responding might reflect a higher state of impulsivity resulting in reward-based decisionmaking deficits (i.e. difficulty in selecting an appropriate reward strategy as a function of increasing schedule of reinforcement). This parsimonious explanation for the observed behavior is in accordance with previous studies that reported deficits in behavioral inhibition and cognitive control with chronic nicotine in adult rodents [33, 51, 52] . Adolescent nicotine exposure is known to exert detrimental effects on the prefrontal cortex and cognitive processes mediated by this brain region [53] . Moreover, adolescent rats exhibited more perseverative behavior than adults during extinction in an instrumental learning task and these age-specific differences were modulated by certain motivational factors [54] . It is plausible that nicotine experience during adolescence and adulthood might differentially impact motivated nicotine-taking behaviors by altering distinct components of impulse control.
There are several caveats associated with our study that requires a discussion. First, osmotic mini-pumps were employed to provide chronic nicotine exposure in mice during adolescence and adulthood. Because the half-life of nicotine in mice is relatively short (∼10 min), non-contingent delivery of nicotine through subcutaneous mini-osmotic pumps is an efficient way to maintain plasma nicotine/cotinine concentration typically observed in human smokers and to induce nicotine dependence-like behaviors [26, 29, 30, [57] [58] [59] . However, nicotine delivery via this approach does not truly reflect the pulsatile pattern of nicotine delivery in humans and this remains a shortcoming of this study. Second, the duration of nicotine exposure was higher for the nic/ nic group (4 weeks; 2-weeks as adolescents and 2-weeks as adults) as compared to the nic/sal and sal/nic groups (2 weeks either as adolescents or adults). Therefore, we cannot entirely dismiss the possibility that longer duration of nicotine exposure in nic/nic mice rather than the timing of exposure (adolescence vs adult) might have contributed to observed differences in nicotine vs saccharin reinforcement in these animals. Third, nicotine is known to exert conditioned reinforcement effects [60] [61] [62] . Because nicotine solution was paired with saccharin for the nicotine PR testing, it is possible that animals responded for nicotine rewards due to conditioned enhancing effects on saccharin solution. As noted in Fig. 4 , the total number of saccharin and saccharin + nicotine reinforcers did not differ in the sal/sal (control) mice. Therefore, reinforcement enhancement as a consequence of the pairing of saccharin and nicotine solution seems unlikely. However, we cannot dismiss the possibility that previous non-contingent nicotine exposure (either as adolescent or adult or both) might have facilitated conditioned reinforcing effects of nicotine resulting in higher responding for nicotine + saccharin solution in the sal/nic and nic/nic mice.
Finally, it is noteworthy that the physical and negative affective symptoms such as anxiety-like behavior observed following acute nicotine withdrawal in adult mice did not last for more than a week [32, Cole, Gould and Parikh, unpublished observation]. Likewise, somatic symptoms were observed 24 h. following the removal of nicotine-containing osmotic minipumps in adolescent mice but these symptoms were not discernible after 2 weeks of washout period (see Results). This is in line with previous work from our group showing withdrawal symptoms in mice last approximately 4 days [56] . Thus, the effects of adolescent and adult nicotine exposure observed on instrumental motivational processes seem unlikely to have occurred as a consequence of acute nicotine abstinence syndrome. However, we could not rule out if cognitive and other affective components (e.g. anhedonia; see above) associated with protracted nicotine withdrawal syndrome that could be present 2-weeks post-nicotine cessation contributed to the observed effects on motivational processes.
In summary, the presented findings imply that adolescent nicotine exposure enhances nicotine reward responsiveness after further nicotine experience in adulthood. Long-term nicotine exposure in adulthood alone could also impact motivated behaviors presumably by blunting the affective response through the disruption of reward circuits. The adult behavioral effects could presumably be driven by cessation of nicotine and prolonged abstinence. Furthermore, nicotine-and saccharin-taking behavior could be impacted by alterations in cognitive processes that may occur as a consequence of prior nicotine exposure either during adolescence or adulthood. Because of the overlapping connectivity of brain circuits implicated in motivation, cognition and affect, it is possible that chronic nicotine-induced neuroadaptations in these circuits in an age-specific manner may eventually act in concert to escalate nicotine taking and seeking in adults that have been previously exposed to nicotine during adolescence. Lastly, our data for the first time shows the utility of using an oral nicotine self-administration paradigm in mice to study maladaptive nicotine-taking behaviors and the underlying neural substrates.
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